We report saturated-absorption spectra recorded by use of 5 mW of infrared radiation coupled into a build-up cavity. Single-pass generation of difference-frequency radiation tunable near 4.25 mm in a periodically poled LiNbO 3 crystal was used. Lamb dips of weak transitions of the fundamental rovibrational band of CO 2 were observed, for what is believed to be the first time, up to the J 82 level. Application of these results to the extension of frequency-comb-based metrology in the infrared is discussed. © 2002 Optical Society of America OCIS codes: 300.6460, 230.5750, 190.2620, 300.6340, 300.6390, 300.6320. The infrared (IR) spectral region, which comprises wavelengths of approximately 2.5 7.5 mm (the so-called functional group region) plays an important role in molecule identif ication and spectroscopy-related applications. In fact, most of the strongly absorbing rovibrational bands of simple molecules are found here. Because of the large transition line strengths, high sensitivities have been achieved for molecular detection in that spectral range with spectrometers based on differencefrequency generation (DFG) in periodically poled nonlinear crystals.
The infrared (IR) spectral region, which comprises wavelengths of approximately 2.5 7.5 mm (the so-called functional group region) plays an important role in molecule identif ication and spectroscopy-related applications. In fact, most of the strongly absorbing rovibrational bands of simple molecules are found here. Because of the large transition line strengths, high sensitivities have been achieved for molecular detection in that spectral range with spectrometers based on differencefrequency generation (DFG) in periodically poled nonlinear crystals. 1 -3 Difference-frequency-based spectrometers are also particularly well suited for creation of new, accurate frequency references in the IR. In fact, the laser sources used as the pump and the signal for nonlinear generation of the IR, at a frequency n i n p 2 n s , can be chosen to emit in the spectral range covered by the so-called frequency combs. 4 -6 These new devices, which are revolutionizing frequency metrology, permit optical frequencies to be related directly to the primary standard, the Cs clock at 9.2 GHz. Although the IR region at wavelengths of approximately .3 mm is not covered at present by frequency combs, a natural grid of frequencies in this region is represented by the fundamental rovibrational bands of simple molecules. Therefore, locking the frequencies of the pump and the signal lasers used for DFG to a comb will allow absolute frequency measurements of closely spaced grids of transitions in the mid IR to be performed.
Sub-Doppler linewidths are needed for suff iciently high accuracy for these molecular grids. It was recently demonstrated that saturated-absorption signals of the most intense lines of the fundamental rovibrational band ͑00 0 1 00 0 0͒ of 12 C 16 O 2 near 4.25 mm can be observed by use of a power as low as a few microwatts and a simple spectroscopic setup. 7 In this Letter we show, for the first time to our knowledge, experimental recordings of saturated-absorption line shapes of CO 2 transitions with a rotational J quantum number up to 82, i.e., more than 4 orders of magnitude weaker (owing to Boltzmann's statistics) than we had accomplished previously. DFG radiation coupled to a confocal Fabry-Perot (FP) cavity was used to achieve these results.
Difference-frequency radiation was generated with a setup similar to that described in Ref. 8 . The nonlinear crystal was replaced with a 40-mm-long periodically poled lithium niobate crystal with a poling period of 23 mm chosen to achieve phase matching near room temperature. The crystal temperature was stabilized at 36 ± C within 1 mK by use of a Peltier element. Antiref lection coatings on the input and output facets prevented Fresnel ref lection loss. The maximum generated IR power at the crystal output was measured to be 20 mW, corresponding to a single-pass eff iciency of 0.91%͑͞W m͒.
As is shown in Fig. 1 , the IR beam was coupled to the FP cavity by a CaF 2 mode-matching lens with focal length f 200 mm. Critical parameters to optimize the coupling coefficient proved to be the periodically poled lithium niobate crystal temperature and the optical alignment of the pump and the signal beams with respect to the crystal. In fact, these parameters significantly affect the transverse intensity prof ile of the generated IR beam. 9 The FP cavity 10 has a confocal geometry with mirror spacing L 115 mm that corresponds to a longitudinal free spectral range of 1. Frequency locking of the IR radiation to the FP cavity was achieved with a Pound -Drever-Hall (PDH) scheme.
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It is diff icult to implement this technique, which is widely used in the visible and the near-IR regions, in the IR at such low power levels, also because of the lack of adequate detectors and photonic devices. For example, we obtained phase modulation of the generated IR beam by transferring, through the nonlinear process, the phase modulation imposed on the signal beam at 1064 nm by an electro-optic modulator. Each of the two first-order sidebands at 1064 nm contained ϳ2% of the carrier power. The electro-optic modulator was driven at 3.6 MHz to match the limited (4-MHz) frequency bandwidth of the liquid-N 2 -cooled InSb photodiode in the IR with a diameter of 0.6 mm. The IR beam ref lected from the cavity was sent to the detector by use, as a 50-50 beam splitter, of a Ge window at an angle of 45 ± , with only one antiref lection-coated face. A custom-built transimpendance preamplifier, carefully matched to the detector impedance, was used to convert the photocurrent signal. We checked the f latness of the frequency response of the detectorpreamplifier assembly by measuring the noise spectra of a blackbody radiation source at 500 ± C put in the detector's field of view. When the PDH locking scheme is used, the buildup cavity behaves as an optical phase or frequency discriminator over time scales that are, respectively, shorter or longer than the cavity f ield storage time ͑ϳ130 ns͒. In our setup we feed the error signal from the feedback electronics to the current driver of the master diode laser (MDL), which optically injects the pump slave diode laser. In fact, MDL's frequency jitter determines the overall frequency f luctuations of the IR radiation that is directly converted to amplitude noise by the steep cavity transmission peak. The frequency noise reduction obtained with our feedback loop can be seen in Fig. 2 . The unity-gain point is near 20 kHz, limited by the frequency bandwidth of the MDL driver. It follows that, as explained above, we are using the cavity as a frequency discriminator.
For detection of the transmission signal we scanned the cavity length (and therefore the frequency) by sending a voltage ramp to the cavity's three piezoelectric transducers to perform both direct-absorption and f irst-derivative recording. In the latter case the cavity was dithered with a low-frequency ͑,1-kHz͒ sinusoidal modulation added to the ramp. The signal, which was then demodulated by a lock-in amplifier. As an example, Fig. 3 shows the recorded direct-absorption and f irst-derivative spectrum of the ͑00 0 1 00 0 0͒ R͑76͒ line of 12 C 16 O 2 at 2390.522 cm 21 . The beam waist at the cavity center, calculated assuming a purely Gaussian TEM 00 mode, was w 0 280 mm, and the average IR intensity over the beam path inside the cavity was I 3 mW͞mm 2 , assuming an IR power of 5 mW coupled to the cavity and a buildup factor of 200. As is well known, the saturation intensity of an atomic or a molecular electric dipole transition is given by the following expression 12 :
where m is the transition dipole moment and g k and g Ќ are the longitudinal and the transverse relaxation rates, respectively. As is shown in Fig. 3 , a purely Lorentzian fit of the Lamb dip gives a HWHM linewidth Dn 1.64͑3͒ MHz. The saturation intensity calculated from Eq. (1), taking g k g Ќ 4pDn and m 7.5 3 10 231 C m, is I S 11.2 mW͞mm 2 . The measured contrast of the Lamb dip is ϳ8%, in good agreement with the value ͑ϳ8.5%͒ calculated from the ratio I ͞I S ഠ 0.3. Similar contrasts and signal-to-noise ratios were obtained for several transitions that belong to the R branch, with J 58, 62, 68, 76, 82.The HWHM transit-time broadening, Dn TT , and the collisional broadening contribution, Dn P , can be expressed as Dn TT 1 2p
where m is the molecular mass, P is the gas pressure in the cell, and C is the pressure-broadening coeff icient. Substitution of the numerical values in our experiment (w 0 280 mm, C 18 kHz͞Pa, and P 13.3 Pa) gives Dn TT 190 kHz and Dn P 240 kHz. We attribute the predominant effect of broadening to the random frequency jitter of the IR radiation, which is due mainly to mechanical instabilities of the cavity and to the residual linewidth of the MDL.
In conclusion, we have demonstrated that saturatedabsorption spectra of weak molecular transitions, e.g., at high J values, can be observed even with an IR power as low as a few microwatts if build-up cavities with appropriately high finesse are used. These results may f ind immediate application to the spectral extension of frequency-comb techniques to the IR because of the intrinsic properties of DFG setups. We are working toward meeting this challenge.
